Abstract: We experimentally demonstrate, aided with mathematical analysis, two methods for chromatic dispersion (CD) compensation for two-dimensional Stokes vector direct detection (2D-SV-DD) system. Results show that the better CD compensation method is dependent on transmission distance and operating symbol rate relative to the digital-toanalog converter (DAC) sampling rate. When 84 GBd 16 QAM signal is generated using an 84 GSps DAC, the bit error rate (BER) after 640 km propagation is ∼ 1.67 × 10 −2 and ∼ 2 × 10 −2 using CD post-and precompensation, respectively. When 64 GBd 16 QAM signal is generated at the same DAC sampling rate, the BER at 960 km is ∼ 1.61 × 10 −2 and ∼ 9.8 × 10 −3 using CD post-and precompensation, respectively. In addition, our findings reveal that CD precompensation allows for transmission distances greater than 1000 km at which CD postcompensation is no longer viable due to the required training. Finally, enabled by CD precompensation, we report the highest capacity-times-distance products of 591 360 (Gb/s)·km and 614 400 (Gb/s)·km in 2D-SV-DD system using QPSK modulation format and symbol rates of 84 and 64 GBd, respectively. Also, we can achieve 300G transmission for distances below 320 km using 84 GBd 16 QAM signal with BER below hard decision forward error correcting threshold of ∼ 3.8 × 10 −3 .
Introduction
Stokes vector direct detection systems have recently received significant attention in both academic and industrial communities [1] - [12] . Stokes vector direct detection systems are a possible alternate for applications that require intermediate complexity, capacity and reach with respect to simple intensity modulation direct detection systems and complex optical coherent systems. Stokes vector direct detection system has several configurations for realizing the Stokes vector transceiver depending on which of the Stokes parameters need to be recovered to retrieve the modulated signal in the Stokes space [1] . On the other polarization, a pilot carrier originating from the same laser source co-propagates with the modulated signal. This means that the S 2 and S 3 parameters of the Stokes vector are the parameters that represent the in-phase and the quadrature-phase of the modulated signal. The Stokes vector receiver (SVR) has several configurations to enable the reconstruction of the Stokes parameters at the receiver. One of these configurations deploys two single ended photodetectors (SE-PDs), two balanced photodetectors (BPDs), and a single polarization 90
• hybrid [1] - [3] . The 2D-SV-DD system with mentioned transceiver configuration has the advantage of extended reach compared to other configurations of Stokes vector direct detection system proposed for short reach applications [2] , [7] , because CD can be fully compensated in this configuration enabling the operation in the C-band [3] .
In this 2D-SV-DD system with complex modulation on one polarization, CD can be compensated either at the transmitter (CD pre-compensation) or at the receiver (CD post-compensation). CD post-compensation can be applied on the S 2 and S 3 parameters of the Stokes vector when the state of polarization (SOP) of the received signal is the same as the SOP of the transmitted signal. Thus, CD post-compensation can be done after the polarization tracking to retrieve the transmitted Stokes vector. This method requires the use of special training symbols for polarization tracking prior to doing CD post-compensation, as was done in [8] . On the other hand, CD pre-compensation can be done at the transmitter by pre-distorting the complex signal using the same CD transfer function of the fiber except for an opposite sign such that the received signal is free from CD after propagation similar to what is done in coherent transceivers [13] , [14] . Though this method requires prior knowledge of the transmission distance, it allows for combining the two stages of the polarization tracking and the equalizer at the receiver and eliminates the need for adding slow CD tolerant Stokes training symbols that are required for polarization tracking in case of using CD post-compensation [3] .
In this paper, we investigate the effect of the used CD compensation method on the 2D-SV-DD transmission system performance. We discuss the limitations of both CD pre-and postcompensation methods and we identify the transmission scenarios in which either method outperforms the other as well as the potential reasons for the performance discrepancy between the two compensation methods. In addition, we show mathematically the importance of performing the polarization tracking prior to CD post-compensation. Specifically, we compare the transmission performance of CD pre-compensation and CD post-compensation at symbol rates of 64 Gbaud and 84 Gbaud using 16QAM modulation format enabled by a DAC operating at sampling rate of 84 GSps. Results show that the CD post-compensation gives better performance than the CD pre-compensation at 84 Gbaud. On the other hand, CD pre-compensation outperforms CD postcompensation when the symbol rate is reduced to 64 Gbaud. Also, we measure the maximum reach for different modulation formats at 64 Gbaud and 84 Gbaud using CD pre-compensation. We show that using 2D-SV-DD combined with CD pre-compensation, the maximum reach can extend to thousands of kilometers at a BER below the soft decision forward error correcting threshold (SD-FEC) of 2 × 10 −2 especially when implemented using QPSK modulation format. Results show that 84 Gbaud QPSK and 64 Gbaud QPSK transmissions reached 3520 km and 4800 km below SD-FEC using CD pre-compensation achieving highest capacity-times-distance products reported using Stokes transmission. While for inter-datacenter application distances, higher order modulation formats can be used. For example, 84 Gbaud 8QAM signal (252 Gb/s) and 64 Gbaud 16QAM (256 Gb/s) can be transmitted up to 320 km and 640 km below hard decision forward error correcting threshold (HD-FEC) of 3.8 × 10 (−3) , respectively. The remainder of this paper is organized as follows: Section 2 presents the principle of the two-dimensional SV-DD system under study and the effect of the polarization rotation on CD compensation. Section 3 discusses the experimental setup, the applied DSP functions and differences in DSP when either CD pre-or post-compensation is used. Section IV presents the experimental results, and we conclude in Section 5. Fig. 1 shows a schematic of the 2D-SV-DD system. After the transmitter DSP (Tx-DSP) which will be detailed in the next section, the processed samples are loaded to the DAC followed by RF amplifiers to drive a single polarization IQ modulator. The IQ modulator performs complex modulation on the electric field of one of the two orthogonal SOPs originating from a single laser (X-polarization) denoted by E t X . The power level of the optical carrier (C) on the other SOP (Y-polarization) is adjusted for the optimization of the carrier-to-signal power ratio (CSPR). Then, both optical signals (the modulated signal and the optical carrier) are combined using a polarization beam combiner (PBC). The co-propagating reference carrier enables retrieval of the modulated signal during the self-beating process at the SVR.
Principle of 2D-SV-DD System and CD Limitations
The SVR is used to recover terms needed to construct the Stokes vector at the receiver. The SVR comprises a PBS that splits the received signal to two orthogonal SOPs. Next, two couplers follow the PBS to split each SOP into two components. One component is directly detected using a SE-PD to get the intensity on both SOPs. The two other components are sent to a 2 × 4 90
• optical hybrid after rotating one by 90
• to align their SOPs to allow self-beating on the two BPDs deployed after the 90
• optical hybrid [1] - [3] , [7] , [8] . In the following, we show how the CD compensation is performed by analyzing the Jones and Stokes space representations of the 2D-SV-DD system. The representation of the transmitted signal in Jones space can be written as follows:
where the two entries in the Jones vector represent the complex fields on the two orthogonal SOPs for a 2D-SV-DD scheme. This can be represented in Stokes space to obtain the following equivalent transmitted Stokes vector:
where the superscript * stands for the complex conjugate, Re and I m represent the real and imaginary parts of a complex number, and δ X and δ car are the phases of E t X and the carrier, respectively. Without loss in generality, we can substitute (δ X − δ car ) by δ Sig which is the instantaneous phase of the complex modulated signal (e.g., QAM, PSK) since the carrier and the modulated optical signal originate from the same transmit laser source. Hence, the transmitted Stokes vector can be written as:
Since |E t X | is the instantaneous amplitude of the complex modulated signal and |C| is constant, S t 2 and S t 3 then represent the in-phase and quadrature (I/Q) components of the complex modulated signal, respectively, i.e., S t 2 + jS t 3 represents the transmitted complex data symbol including both its amplitude and phase. Hence, the information that is required to be retrieved at the receiver is available on S t 2 and S t 3 . After propagation in the fiber, CD distorts the signal. In addition, the SOP of the transmitted signal is randomly rotated due to fiber birefringence. If we assume a general rotation around the Poincar sphere, it can be modeled together with CD in the Jones space as follows:
where J r is the received Jones vector, a and b are the complex entries of the general polarization rotation matrix [15] and
∂t 2 is a linear operator representing the CD encountered by the signal along a fiber of length L and dispersion parameter β 2 . It is clear that CD affects both polarizations of the propagating lightwave similarly. Also, since the carrier C (the Y-component of J t ) represents CW light that is nearly constant with time, it is not largely impacted by CD whereas D only distorts E t X leading to intersymbol interference besides polarization rotation. In the absence of polarization rotation (4) is re-written as
in which case 
to which applying D −1 clearly does not only inverse the CD, but also adds noisy terms that affect the subsequent polarization de-rotation to recover the transmitted data S t 2 + jS t 3 . From the above analysis, we conclude that if CD post-compensation is to be used at the receiver, polarization rotation has to be initially corrected at the receiver before D −1 is applied. However, if CD precompensation is adopted, D −1 is simply applied to S t 2 + jS t 3 or E t X prior to transmission which is then canceled by the D operator of the CD induced by the propagation along the fiber.
In summary, CD can be either post-or pre-compensated in a single carrier 2D-SV-DD. If CD postcompensation at the receiver is the chosen method, it should be performed after the polarization tracking for an optimum implementation that is independent of the SOP of the received signal. On the other hand, CD pre-compensation is performed at the transmitter by applying the inverse CD operator on the complex data symbols before propagation. In the following sections, we will clarify how the CD compensation method affects the Tx-DSP and Rx-DSP stacks and how each compensation method performs depending on operating system parameters. Fig. 2 shows the experimental setup deployed for the 2D-SV-DD system demonstration. An ACcoupled four-channel 8-bit DAC operating at 84 GSps generates two single-ended outputs. These two single-ended outputs are fed into two RF amplifiers with 3-dB bandwidth of 50 GHz. One amplifier is followed by an RF delay line with 63 GHz 3-dB bandwidth for adjusting the skew between the two RF paths. It is worth noting that the skew is divided into two parts; one part is an integer number of samples, which is resolved in the Tx-DSP by shifting the samples on one of the DAC channels. The second part, which is a fraction of a sample, is adjusted using the RF delay line to avoid unnecessary effect on the signal quality if the total skew was to be adjusted in the Tx-DSP. After amplification and skew adjustment, these two RF signals are used to drive one half of the DP-IQM which represents the complex modulation on the X-polarization of the DP-IQM. The InP DP-IQM, has a 35 GHz 3-dB bandwidth, less than 10 dB of insertion loss, and a V π of 2.5 V [16] . The CSPR is controlled by adjusting the bias of the MZMs on the Y-polarization of the DP-IQM. The DP-IQM is fed by an external cavity laser (ECL) operating at wavelength of 1550.12 nm with 100 kHz linewidth and 15.5 dBm optical power. After optical modulation, the optical signal is amplified using a booster EDFA with a fixed output power level of 23 dBm followed by a variable optical attenuator (VOA) to optimize the total launched power. Also, the booster EDFA allows for compensating the loss of the optical recirculating loop front end (switches and couplers). The recirculating loop consists of four-spans SMF 28e+ fiber, where each span comprises 80 km of fiber followed by an in-line EDFA. A tunable optical filter is used after the second span with its center wavelength set to 1550.12 nm and bandwidth set to 2 nm. Since the output power level from the booster is constant, the optimization of both the total launched signal power and CSPR has to be done carefully because both interplay and affect the power level of the modulated signal on the X-polarization. For example, when the CSPR increases at the same total launched power, the modulated signal power level on the X-polarization decreases and will be affected by the amplified spontaneous emission (ASE) noise from the inline EDFAs.
Experimental Setup and DSP Stack

Experimental Setup
The output signal from the re-circulating loop is filtered using 0.8 nm filter to remove the out-ofband noise. The filter is followed by a pre-amplifier and a second VOA to optimize the received signal power which is determined experimentally to be 16 dBm. This high received power is attributed to the use of SE-PDs and BPDs that are not followed by transimpedance amplifiers (TIAs) and the use of a 2 × 8 dual polarization optical hybrid, which has a theoretical insertion loss of 9 dB, instead of a 2 × 4 single polarization hybrid in the SVR schematic of Fig. 1 . The SVR starts by splitting the received signal into two orthogonal SOPs using a PBS. Then, each SOP is divided into two portions using an 80/20 polarization maintaining coupler. Since the optical hybrid accounts for most of the loss in the SVR, the 80% ports are directed to the middle part of the SVR shown in Fig. 2(i) which includes the optical hybrid. The 80% ports of the couplers are connected to two polarization controllers which are adjusted such that the two input fields beat in one half of the hybrid. A variable optical delay line (VODL) is used to match the optical delay between the two paths before entering the optical hybrid to have correct signal beating. The optical hybrid is followed by balanced detection which provides the received Stokes parameters (S . The direct detection terms and the Stokes parameters are then sampled for offline signal processing. In the case of the 64 Gbaud transmission, a real time oscilloscope (RTO) is used serving as a four channel ADC running at sampling rate of 80 GSps with analog bandwidth of 33 GHz. In the case of the 84 Gbaud, two RTOs are used for sampling. Each RTO has two real edge channels running at sampling rate of 160 GSps with analog bandwidth of 62 GHz. Fig. 3 illustrates the DSP stack used at the transmitter and receiver in two cases depending on which CD compensation method is adopted: CD pre-compensation shown in Fig. 3(a) and CD post-compensation shown in Fig. 3(b) .
DSP Stack
The offline transmitter DSP (Tx-DSP) stack in Fig. 3(a) depends on the oversampling factor used at the transmitter, i.e. the DAC sampling rate relative to the symbol rate. In our experiment, the DAC sampling rate is fixed at 84 GSps and two different symbol rates are tested: 84 and 64 Gbaud representing oversampling factors of 1 and 1.3125, respectively. In the 64 Gbaud case, the Tx-DSP starts with the N QAM symbol generation followed by pulse shaping using a raisedcosine (RC) filter with roll-off factor of 0.03. Next, the CD pre-compensation is applied on the pulse shaped samples depending on the transmitted distance. Then, the output I and Q streams from the CD pre-compensation are resampled to 84 GSps to match the sampling rate of the subsequent DAC. After resampling, nonlinear compensation takes place to invert the non-linear transfer function of the MZM such that the constellation points are equally spaced after optical modulation. Afterwards, digital pre-emphasis is applied where the samples are pre-distorted using an FIR filter optimized experimentally to enhance the system performance by properly balancing the amount of intersymbol interference (ISI) pre-compensated at the transmitter and the residual ISI left to be post-compensated at the receiver [16] . Finally, the pre-distorted samples are quantized to 256 levels and uploaded to the memory of the 8-bit DAC. In the 84 Gbaud case, the yellow shaded blocks in the Tx-DSP stack of Fig. 3(a) are not used since neither pulse shaping nor resampling is needed. Also, the nonlinear compensation block is not used in the 84 Gbaud case because the output swing (Vpp) from the RF amplifiers is less than 2 V which almost lies in the linear region of the MZM.
When CD post-compensation is adopted, the Tx-DSP, shown in Fig. 3(b) , differs from the one shown in Fig. 3(a) : the CD pre-compensation block is removed and replaced by the block in which Stokes training symbols are added. These training symbols are used by the Rx-DSP to perform the Stokes polarization de-rotation before applying the CD post-compensation, which is essential as pointed out in Section 2. In the 64 Gbaud case, the training rate is one Gbaud, i.e. the duration of a training symbol is 64 times the data symbol duration. The structure of the training sequence is such that (S 1 , S 2 , S 3 ) are sent in the following sequence (1, 0, 0), (0, 1, 0), (0, −1, 0), (0, 0, 1), and (0, 0, −1). This sequence is repeated 40 times, and the sign inversion used in the S2 and S3 parameters is due to the AC coupled nature of the DAC. In the 84 Gbaud case, the same training sequence explained above is used while the training rate is changed to 1.3125 Gbaud, when the transmitted distance is less than 960 km. The training rate is lowered to 0.6525 Gbaud, when the transmitted distance is 960 km. This reduction of the training rate is to ensure that the training sequence is CD tolerant to the longer distance.
The offline receiver DSP (Rx-DSP) stacks in both Fig. 3(a) and (b) start by resampling the captured patterns from 80/160 GSps to twice the data symbol rate. The next block in the stack of Fig. 3(a) is a synchronization process in order to locate the training symbols (TS) required to start the tap adaptation of the subsequent 3 × 2 MIMO equalizer using training symbol based least mean squares algorithm (TS-LMS). It is noteworthy that these training symbols are transmitted at the same symbol rate of the data payload since CD pre-compensation is employed. After the TS period, decision directed LMS (DD-LMS) replaces TS-LMS in steady-state operation. The 3 × 2 MIMO equalizer is a bank of real valued adaptive filters, each having N taps, that performs two roles in one stage: it tracks the polarization rotation to retrieve the transmitted Stokes parameters S t 2 and S t 3 and equalizes for any residual inter-symbol interference (ISI). On the other hand, if CD post-compensation is used, a synchronization block is also required in the stack of Fig. 3(b) in order to locate the special slow Stokes training symbols that are used to estimate the polarization de-rotation matrix. The right inset plot in Fig. 3 shows the training pulse experimentally captured in case of 84 Gbaud at twice the symbol rate, i.e., the long pulse is represented in 128 samples after transmission of 320 km (in red) and 640 km (in green). The B2B pulse is overlaid inverted in blue to clarify the effect of the CD on the pulse. It can be seen that the middle samples of the Stokes training symbol pulse are minimally affected by CD and can be used to estimate the Stokes de-rotation matrix. The number of these CD-tolerant samples decreases with the increase of the transmission distance to the point that the training symbol rate may need to be reduced for better estimation. The next block applies this estimated de-rotation matrix, which can be viewed as a 3 × 2 MIMO of single tap filters, to perform polarization de-rotation. Only at this point of the Rx-DSP is where CD can be post-compensated. Subsequently, residual ISI can be mitigated by via a complex valued 1 × 1 SISO equalizer that provides an estimate of S t 2 + jS t 3 . Finally, the received symbols are de-mapped into bits for BER counting.
In summary, there are three advantages of the CD pre-compensation over the CD postcompensation: (1) it omits the need for slow Stokes training symbols per frame, (2) the performance of the polarization tracking is independent of the transmitted distance, and (3) it allows the merging of two DSP stages into one stage at the Rx-DSP. On the other hand, CD pre-compensation increases the peak-to-average power ratio (PAPR) of the driving RF signals at the transmitter due to pre-distortion which may degrade the resulting RF signal quality. 
Results
Fig . 4 shows the BER versus the transmitted distance to compare the CD pre-compensation and the CD post-compensation at 84 Gbaud and 64 Gbaud 16QAM cases. In case of the 84 Gbaud 16QAM, the CD post-compensation has a better performance than the CD pre-compensation where the BER is ∼ 1.67 × 10 −2 and ∼ 2 × 10 −2 in case of CD post-and pre-compensation, respectively. In case of the 64 Gbaud, the situation is inverted where the CD pre-compensation performs better than the CD post-compensation where the BER at 960 km is ∼ 1.61 × 10 −2 and ∼ 9.8 × 10 −3 in case of CD post-and pre-compensation, respectively. This can be attributed to two reasons; first, in case of 64 Gbaud, we use a small roll-off factor (0.01) to confine the signal bandwidth in the 33 GHz bandwidth of the RTO. This means that the 64 Gbaud signal bandwidth is also less than Nyquist frequency at the transmitter which is half the DAC sampling rate (42 GHz). Thus, we can fully pre-compensate for the CD at the Tx-DSP over the entire bandwidth of the 64 Gbaud signal in the frequency domain. However, in case of 84 Gbaud signal, the symbol rate equals to the DAC sampling rate and pulse shaping is not possible to have a band limited 84 Gbaud signal. Consequently, there will be some spectral content above the 42 GHz for which CD pre-compensation is not possible, i.e., CD pre-compensation operates properly only up to the Nyquist frequency and any information content above this will be impacted by CD. On the other hand, the higher sampling rate of the RTO allows for higher oversampling factor enabling the CD post-compensation to compensate CD over a larger signaling bandwidth and hence outperform CD pre-compensation. Second, the effect of the pre-distortion on the output electrical signal quality of the DAC in case of CD pre-compensation while operating at the DAC sampling rate increases the PAPR of the output signal from the DAC increasing the DAC requirements in terms of ENOB and quantization noise to fully represent the pre-distorted signal. Fig. 5 shows the BER versus CSPR optimization for the 64 Gbaud 16QAM and 84 Gbaud 16QAM in case of the CD pre-compensation at 960 km and 640 km, respectively. The optimum total launched power is 6.5 dBm and 5.5 dBm and the optimum CSPR is 7.2 dB and 8 dB, in case of 64 Gbaud 16QAM and 84 Gbaud 16 QAM, respectively.
As mentioned in the DSP stack section, one more advantage of the CD pre-compensation is the extended reach where in case of the CD post-compensation the Stokes training symbols must be slower as the reach increases. Fig. 6 shows the BER versus distance to evaluate the 2D-SV-DD system performance using CD pre-compensation at symbol rates of 84 Gbaud and 64 Gbaud using different modulation formats (16QAM, 8QAM and QPSK) at optimized launched power and CSPR. The maximum reach is 640 km, 1280 km, and 3520 km at SD-FEC threshold in case 84 Gbaud 16QAM, 8QAM, and QPSK, respectively. This extended reach especially for 8QAM and QPSK cannot be achieved by CD post-compensation using the 1 Gbaud Stokes training and slower training will be affected by the AC coupling of the transmitter electronics. This will be even more difficult in the case of 64 Gbaud where the maximum reach is increased to 1280, 2240, and 4800 km at SD-FEC threshold using 16QAM, 8QAM, and QPSK, respectively. Finally, it can be noticed after interpolation, for distances below 320 km as 160 km and 80 km, the operation below the HD-FEC is possible for 84 Gbaud 16QAM signal allowing for 300G transmission in 2D-SV-DD system after overhead removal. This makes the 2D-SV-DD scheme aided with CD pre-compensation a potential candidate for next generation inter-datacenter interconnects.
Conclusions
We demonstrated the 2D-SV-DD system at symbol rates of 84 Gbaud and 64 Gbaud with different modulation formats using CD pre-compensation. We showed analytically the importance of performing the Stokes de-rotation before applying the CD post-compensation on the S 2 and S 3 parameters. The CD pre-compensation omits the need for Stokes training symbols which reduces the overall data rate, allows for merging the Stokes de-rotation with the ISI mitigation in single stage 3 × 2 real valued MIMO at Rx-DSP, and is more suitable for extended reaches with respect to the CD post-compensation method. On the other hand, CD pre-compensation affects the transmitted signal from the DAC, where this pre-distortion increases the PAPR of the transmitted samples which increases the quantization noise and requires high ENOB to sufficiently represent the CD pre-compensated samples. This effect can be noticed at high symbol rates, i.e., at one sample per symbol, and high order modulation formats as in the case of 84 Gbaud 16 QAM. Despite this effect, the CD pre-compensation outperforms the CD post-compensation in the 64 Gbaud case, while CD post-compensation outperforms the CD pre-compensation in the 84 Gbaud case. This is because in the 84 Gbaud case the CD pre-compensation at one sample per symbol cannot mitigate the CD affecting the spectral components beyond 42 GHz. In addition, the CD pre-compensation method allows for extended reach where we are able to demonstrate the highest reported capacity-timesdistance products of 591,360 (Gb/s).km and 614,400 (Gb/s).km in Stokes transmission using QPSK modulation format and symbol rates of 84 Gbaud and 64 Gbaud, respectively. Finally, for distances below 320 km, we can achieve 300G transmission below HD-FEC using 84 Gbaud 16QAM signal in 2D-SV-DD system.
